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I. INTRODUCTION
1. Importance of Acid Resisting Enamels.-The solubility of
enamels has long been a subject of investigation as this property in-
fluences their usefulness. In the household enamels are subjected to
acid fruit juices, washing powders, soaps, and water, while in the
industries the solubility in acid and alkali very greatly limits the
application of the ware.
The solubilities of different enamels vary over a broad range, some
being quite insoluble, while others are attacked badly in a few seconds
of exposure. An enamel which has been attacked by an acid or alkali
loses its gloss, becoming iridescent or rough, in many cases taking on
the appearance of ground glass which is easily marked with a pencil.
The enamels which are very soluble lose their glassy structure and
change to a dust which can be easily scraped from the metal.
This bulletin deals particularly with the acid resisting properties
of enamels. In the literature there are many articles on acid resisting
enamels but the data are too conflicting to draw any general con-
clusions. In many cases data are incomplete, and the fact that each
investigator used different enamels makes the summary of the liter-
ature very difficult.
2. Acknowledgments.-The data presented in this bulletin were
obtained in an investigation which was conducted by the Engineering
Experiment Station of the University of Illinois, of which DEAN M. S.
KETCHUM is director, in cooperation with the Ingram Richardson
Manufacturing Company. This research was carried out in the
Department of Ceramic Engineering of which PROF. C. W. PAR-
MELEE is the head.
The writer wishes to thank PROFESSOR PARMELEE for his helpful
suggestions and co6peration in this research. He also wishes to thank
MR. L. D. FETTEROLF and MR. E. F. MCDONALD, who so conscien-
tiously aided in the laboratory work and the interpretation of the
results, and MR. M. N. HURD and MR. C. P. SCRIPTURES, who were
largely responsible for the success of the plant tests.
II. TESTS FOR ACID RESISTING ENAMELS
3. Acid Tests.-In reviewing the literature on acid resisting en-
amels one is impressed by the number of different kinds of tests and
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the variety of the conditions under which these tests were run. These
tests may be classed under three groups: the grain test, the loss in
weight test, and the spot test.
The grain test consists in subjecting a weighed amount of the
powdered enamel to acid for a definite length of time. The enamel
powder is then filtered off and reweighed, the loss in weight represent-
ing the amount of acid attack. This test has been used by Poste,*
the American Ceramic Society Committee of Standards,t Uchida and
Arimoto,t and others, and when properly controlled it gives fairly
reliable results. Tests made by this method by different investigators
are not, however, comparable as no standard conditions have been
agreed upon. The kind of acid and its strength, the temperature, the
grain size of the enamel, and the time of exposure would all have to
be the same to make two tests comparable. In addition, this test has
the objection that the acid attack is not proportional to the initial
weight of the material. The acid attacks the surface of the grains
which are necessarily of various sizes and shapes, and these factors
change as the test proceeds due both to solution and disintegration.
Since there is no convenient way of determining the surface of these
particles, or when the solution is complete, this test is subject to very
serious objections even under the best of conditions.
The spot test is a simulated service test and consists in placing a
drop of acid on the surface of the burned enamel, noting the degree of
attack in a certain period of time. This test has been used by the
Committee on Standards of the American Ceramic Society,§ Daniel-
son and Sweeley,T Wolfram,** Wolfram and Harrisontt and others,
and it gives good qualitative results. It, like the grain test, has
been used with different acids of different strengths for different
periods of time. The advantage in this test is that the surface of the
finished enamel is being tested, and not the frit, as in the grain test.
Effects of burning time and temperature can thus be studied with a
fair degree of accuracy. A slight attack under the spot test results in
a discoloration or iridescence of the enamel, a stronger attack results
in a surface which can be marked on with a pencil or which will absorb
ink or dye and thus be permanently colored. The gloss is destroyed.
Severe attack results in a complete destruction of the surface and a
softening of the enamel so that it can be scraped off as a powder.
*E. P. Poste, Trans. Amer. Ceram. Soc., XVII, 762, 1916.
tJour. Amer. Ceram. Soc., III, 561, 1920.
STokyi Uchida and Kazuo Arimoto, The Osaka Indus. Lab. Bul. IV, 68, 1923.
SJour. Amer. Ceram. Soc., III, 561, 1920.
,Jour. Amer. Ceram. Soc., VI, 1011, 1923.
**Jour. Amer. Ceram. Soc., VII, 1, 1924.
ttJour. Amer. Ceram. Soc., VIII, 735, 1925.
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The loss in weight of the burned enamel test pieces when exposed
to acid has probably been the most popular test. It consists in ex-
posing the weighed enamel test piece to the acid of desired strength for
a specified length of time; the piece is then washed, dried, and re-
weighed. This test has been used by many investigators* who have
used different acids of different strengths, at different temperatures,
for specified lengths of time on different types of enamels. This test,
since it is made on the finished enamel, is the least objectionable of all
of these tests, but it cannot be used in all cases. Some enamels tend
to crazet and fishscalet under acid treatment, which makes the results
inconsistent. Probably the greatest objection, however, is that the
loss in weight gives the amount of enamel dissolved, but does not tell
how soon attack begins, nor at what rate it proceeds. One enamel may
be seriously attacked and lose only a small amount of weight while
another may lose considerable weight and yet be in fair condition.
Again, an enamel which loses weight in the first part of the test only
may be better or worse than one which was continually soluble, de-
pending on the length of time both are exposed to the acid.
From the foregoing discussion of acid tests it is evident that no one
test for determining acid resistance is entirely free from objection and
that a combination of tests is best employed. The kind of test upon
which most emphasis should be placed is determined by the use to
which the enamel is to be put. For table tops the first appearance of
an attack is of importance, and the spot test would probably be used,
while for chemical ware the loss in weight test or the grain test might
be preferred. The latter two tests would probably be considered the
most useful for ware which is constantly exposed to acids, while for
ware only occasionally exposed the former would be preferred.
4. Relative Action of Different Acids.-Different acids attack en-
amels to a different extent, and it is very difficult to predict which of
two acids will show the greater attack on a given enamel until a test
has been made. This is probably due to the fact that the solubility of
an enamel in an acid depends both on the acidity (hydrogen ion con-
centration) and on the solvent effect of the un-ionized acid mole-
cule in solution. Many investigators have studied the effects of dif-
ferent acids on enamels. The Sub-committee on Enamels of the
*R. D. Landrum, Trans. Amer. Ceram. Soc., XII, 689, 1910.
J. B. Shaw, Trans. Amer. Ceram. Soc., XII, 463, 1910.
L. J. Frost, Jour. Amer. Ceram. Soc., I, 422, 1918.
W. D. Collins, Jour. Ind. & Eng. Chem., XIV, 8, 1919.
H. F. Staley, Jour. Amer. Ceram. Soc., IV, 703, 1921.
G. W. Monier and Williams, Analyst L, 133, 1925.
Fellows and Michael, U. of Ill. Ceram. Dept. Thesis.
tCraze refers to numerous fine cracks.
fFishscale refers to a popping off of small particles like scales.
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Standards Committee of the American Ceramic Society* has done
considerable work on this subject. This committee recommends a
15.73 per cent solution (6 ounces to one quart of water) of citric acid
as the most convenient and dependable test.
E. P. Postet states that tartaric acid and citric acid are to be pre-
ferred to acetic acid, due to the more regular action under varying
conditions. W. D. Collinsf claims that the action of one per cent
tartaric acid, one per cent citric acid and four per cent acetic acid give
about the same results. Anon§ states that hydrochloric acid and
formic acid are the most injurious to enamels. J. B. Shaw¶ used one
per cent sulphuric acid and fifteen per cent acetic acid in his tests in
which he used boiling acids. Edward Orton** likewise used a one per
cent solution of sulphuric acid and also a solution of acetic acid ten
per cent and stronger in his tests on automobile license tags. E. P.
Postett in another paper states that citric acid is a much stronger
solvent for enamels than acetic acid.
It is therefore evident that the kind of acid used in a test is a very
important consideration, and that one should be chosen to suit the
particular test and type of information desired. If the enamel is to
be subjected to fruit juices in service such acids as citric, tartaric, or
acetic will probably be preferable.
Closely allied with the choice of acid for a test is the choice of the
concentration and also the temperature used. E. P. Poste states that
the amount of attack varies markedly with a change in the temper-
ature of the acidtt and that the amount of attack is not proportional to
the time of exposure. §§ He states that when a hydrochloric acid test
is used a fifteen to twenty per cent solution is preferable for the grain
test. ¶¶
From the foregoing review of acids, tests, and conditions, it is evi-
dent that it is very dangerous to draw conclusions as to the relative
acid resistance of enamels which have been tested by different
methods. In acid tests it must be kept in mind that the kind of acid,
the strength of the acid, the temperature, and the time are all impor-
tant, as they are controlling factors. The use of lemons to test the
acid solubility, although a convenient test, should be discouraged as
the juice of ripe lemons may contain anywhere from 5 to 8 per cent of
citric acid.
*Jour. Amer. Ceram. Soc., III, 561, 1920.
tJour. Amer. Ceram. Soc., II, 32, 1919.
WJour. Ind. and Eng. Chem., XIV, 8, 1919.
§Chem. Trans. 72, 351, 1923.
¶Trans. Amer. Ceram. Soc., XII, 463, 1910.
**Trans. Amer. Ceram. Soc., 320, 1909.
ttJour. Amer. Ceram. Soec., VI, 689, 1923.
*:Trans. Amer. Ceram. Soe., XVIII, 762, 1916.
S§Jour. Amer. Ceram. Soc., VI, 689, 1923.
¶¶Trans. Amer. Ceram. Soc., XVII, 137, 1915.
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5. Effect of Preparation of Enamel on Acid Resistance.-A good
many statements have been made about the effects of different meth-
ods of preparation on the acid resistance of enamels, but very little
experimental work has actually been done on this phase of the
problem. E. P. Poste and B. A. Rice* state that a continuation of the
smelting of an enamel improves its acid resistance; this may be due to
the formation of a more homogeneous frit or a loss of some of the
fluxes due to over-smelting. Air cooling of the frit is also claimed to
give a more uniform product and a more acid resisting enamel.t
Shawl agrees with the foregoing in his statement that thorough smelt-
ing increases acid resistance. Shaw and Sweeley§ state that the acid
resistance depends on the homogeneity of the surface of the enamel.
Sweeley found that ware burned in such a manner as to concentrate
the fluxes on the surface was very easily attacked, while that having
the same composition but burned more uniformly was not attacked.
Shaw states that enamels burned at higher temperatures are more
acid resistant than those burned at lower temperatures.
There is enough evidence to establish the fact that smelting and
burning conditions affect acid resistance of enamels. It is probable
that cooling conditions and fineness of grinding also affect acid resist-
ance, although no conclusive work on this has been found in the
review of the literature.
6. Effect of Composition of Enamel on Acid Resistance.-The re-
sults of a large amount of experimental work on the relation between
resistance to acid attack and composition of enamels are to be found in
the literature, but variations in the types of the enamels used, in
methods of preparation, in burning and smelting temperatures, and in
tests employed, as well as incompleteness of data make most of the
results of this work too confused to be used in drawing general con-
clusions. There is so much contradiction, in fact, that a solution of
the problem from the data in the literature is practically hopeless.
J. B. Shaw¶ states that the solubility decreases directly as the oxygen
ratio increases, other factors remaining constant. He also states that:
(1) Solubility decreases as alumina increases
(2) Solubility decreases as boric oxide decreases
(3) Solubility decreases as fluorspar increases
(4) Solubility decreases as cryolite decreases
(5) Solubility decreases as silica increases
*Jour. Amer. Ceram. Soc., I, 223, 1918.
tJour. Amer. Ceram. Soc., VI, 972, 1923.$Jour. Amer. Ceram. Soc., I, 502, 1918.
§Trans. Amer. Ceram. Soc., XII, 463, 1910.
Jour. Amer. Ceram. Soc., IV, 407, 1921.
¶Trans. Amer. Ceram. Soc., XII, 463, 1910.
Jour. Amer. Ceram. Soc., I, 502, 1918.
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H. F. Staley* arranges the fluxes in the following order, those most
resistant to acids when incorporated into enamels coming first:
(1) Alumina (6) Lithium oxide
(2) Cryolite (7) Fluorspar
(3) Sodium oxide (8) Zinc oxide
(4) Litharge (9) Lime
(5) Barium oxide (10) Boric oxide
The first five are claimed to be especially effective. He also states
that zirconium oxide and titanium oxide, when substituted in small
amounts for silica, increase the acid resistance of various enamels.
Tokyi Uchida and Kazuo Arimotot draw the following summar-
ized conclusions on the effect of different oxides on the acid resistance
of enamels:
(1) Effect of basic fluxes:
(a) They are all similar in effect except soda (NaO2),
which is better than cryolite and lead oxide.
(2) Refractory bases:
(a) Best-Barium oxide, followed by magnesium oxide.
(b) Poor-Zinc oxide, aluminum oxide, and calcium
oxide.
(3) Acid fluxes:
(a) Boric oxide is bad.
(b) Three tenths equivalents of boric oxide are neces-
sary to keep down refractoriness.
(4) Refractory acids:
(a) Silica is the only suitable acid oxide.
(5) There seem to be very definite relations of acid to base
which are most suitable.
Danielson and Sweeleyl claim that the effect of sodium oxide and
boric oxide on the resistance to acid of an enamel depends upon the
type of enamel used. The resistance of acid resisting enamels de-
creases as boric oxide is replaced by sodium oxide.
H. G. Wolfram§ shows that the addition of zirconium oxide in the
smelt does not improve the resistance to acid but when it is substi-
tuted for tin oxide in the mill it improves the resistance.
The foregoing (assuming that all of the work referred to was care-
fully done and correctly interpreted) shows that the acid resistance of
an enamel is not dependent on the addition or the reduction of any
*Jour. Amer. Ceram. Soc., IV, 703, 1921.
tThe Osaka Indus. Lab. Bul., IV, 68, 1923.
Cer. Abs. XI, 240, 1923.
tJour. Amer. Ceram. Soc., VI, 1011, 1923.
§Jour. Amer. Ceram. Soc., VII, 1, 1924.
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particular oxide or oxides. An acid resistant glass or enamel must be
composed of the proper balance of certain oxides to give the prop-
erties desired. Enamels vary greatly in composition, and while an
addition of a certain amount of soda to one enamel may increase the
acid resistance, in another it may decrease it. It is impossible to draw
general conclusions from the foregoing data relative to the effect of
composition on the resistance to acid. It is possible only to state that
resistance to acid can be, at least partially, controlled by the compo-
sition of the enamels.
III. DEVELOPMENT OF ACID RESISTING ENAMELS
7. Statement of Problem.-After the review of the literature on
acid resisting enamels and glasses, it was concluded that the develop-
ment of an acid resisting enamel was a very complicated problem. To
solve this problem some of the variables, which, acting together, give
results which cannot be interpreted, must be controlled or eliminated.
Chemical composition, smelting temperatures, conditions, and time,
fineness of grinding, and burning temperatures and times were
deemed the most important, yet by no means the only, factors in-
fluencing the resistance to acid.
Since it is hopeless to attempt to solve a problem in which there
are all of even these few factors, it was decided to study the chemical
composition first. In this study the smelting should be done so as to
produce as good a frit as possible under oxidizing conditions, the
grinding should not be excessive, but normal or conforming to ordi-
nary practice, and the burning temperature should be judged by trial
and experience. This was done in all cases, as will be explained, but
even with these controlled conditions there remained an exceedingly
complicated problem. The ordinary enamel contains from ten to
fifteen different elements, and many enamels even more. The raw
materials used as the source of these different elements, and the rela-
tive amounts of each offer complications which are well nigh uncon-
trollable. In looking over this problem, however, it is noted that all
enamels contain silica in fairly large amounts, that they all contain
alkalies (sodium and potassium) and that they all contain either lead
or boric oxide; the other elements are present only in smaller amounts.
In fact, silica, alkali oxides, and lead or boric oxide represent about
three-fourths of the composition of the typical enamel. Due to this
fact, and the hopelessness of working with the large number of vari-
ables involved by the presence of ten to twenty elements, it was de-
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cided to investigate the acid resistance of simple enamels, if such could
be made.
The research was then divided into two divisions, one comprising
the lead enamels, and the other the boric oxide enamels. The alkalies
were taken as soda (NaO2), and the silica and other oxides were taken
as such. Two three-component fields were considered, the NaO2 -
B 20 3 - SiO2, and the Na2 O - PbO - SiO 2 fields. These fields are
graphically represented in Fig. 1 and Fig. 2, respectively. In these
diagrams all possible compositions containing the oxides at the apexes
of the triangles are represented. The points within the triangles rep-
resent the compositions actually made and tried out as enamels.
It is surprising how many of these simple compositions actually pro-
duced fair enamel.
The mill additions in all cases consisted of 4 per cent Anna, Ill.,
kaolin, 8 per cent tin oxide, 0.3 per cent magnesium sulphate, 45 per
cent water, and 100 per cent frit.
8. Preparation of Enamels.-In the laboratory work on this prob-
lem it was ever kept in mind that all possible conditions should be
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controlled and yet that the methods used in the tests should come as
near as practicable to those used in the commercial manufacture of
enamels.
The method of making up the enamels was similar to that em-
ployed in ordinary laboratory practice. Small batches were used
(about 5 lb. or 2 kg.) for the preliminary tests, and large batches
(about 50 lb. or 20 kg.) to check the more promising compositions.
Enamels giving successful large batches were tried out in plant prac-
tice, and if satisfactory there they were made on regular plant scale.
(a) Smelting
For the small batches the raw materials were weighed out to an
accuracy of from 0.5 to 1 gram, and then thoroughly mixed by hand,
using a sieve and a large piece of paper. These batches were then
introduced into hot crucibles in the gas-fired pot furnaces as shown in
Fig. 2. The temperature of these crucibles was fairly uniform from
top to bottom and the flame was kept oxidizing. The high pressure
gas and air enter the furnace through a single burner, entering tan-
gentially at the bottom. The flame encircles the crucible and thus
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travels to the top of the furnace and out into the room. The tip of the
flame with the burner properly adjusted just emerges from the top of
the furnace. A battery of six of these furnaces (Fig. 4) was used for
the work thus making it possible to run six smelts at one time.
The enamel was smelted until it ceased to boil and was free from
seeds when a thread was drawn out. The silica was always completely
dissolved. The smelt was stirred at least once during the smelting
process, generally about ten minutes before pouring. The temper-
ature of the smelt was controlled by hand, a Leeds and Northrup
optical pyrometer being used to measure the temperature. When
smelting was completed the crucible was withdrawn from the furnace
and its contents poured in a fine stream into cold water. The frit was
then dried and ground dry in small porcelain ball mills until it passed
a 60-mesh sieve. The mill batch was then made (see page 12) and
the enamel further ground to meet the requirements of the particular
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type. The control of the grinding was by time, number of revolutions,
and sieve analysis.
Compositions which gave promising results were made up in large
batches and smelted in a surface combustion furnace. This furnace is
illustrated in Fig. 5. This surface combustion furnace simulates a
regular commercial smelter in that the flame travels over the enamel
heating it from above, that is from the surface down. The temper-
ature was measured with a platinum-platinum-rhodium thermo-
couple located just over the enamel bath. The enamel was stirred
with a hoe and drawn off at one end through a tap hole, flowing over
a water spray and into cold water. The lining of the furnace was re-
movable and easily changed so that the preceding batch need not con-
taminate the one that follows. The furnace was very successful, the
results being very similar to those obtained from large sized batches
made in the plant.
(b) Grinding
The small batches of frit were ground in porcelain ball mills 6 in.
by 9 in. in inside dimensions (Fig. 6). The balls were made of porce-
lain, and were 34 to 11Y in. in diameter. The frit after being quenched
was dried thoroughly, and introduced into dry ball mills, which were
filled about % to 3% full. The length of time of grinding depended
largely upon the character of the frit, sometimes requiring many
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hours. At frequent intervals all frit passing a No. 60 sieve was re-
moved from the mill, and the remainder ground until it also passed
this sieve. From this dry 60-mesh frit all mill batches were made up,
and ground to pass a 100-mesh sieve if a cover enamel, or an 80-mesh
if a ground coat. In general the electrolyte was added towards the
end of the grinding operation.
The large batches of enamel were ground by a process similar to
that just described, except that the ball mills were larger, 10 in. by
14 in. inside (see Fig. 6). Some variation was necessary to get the
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best results with the different types of enamels but this was the gen-
eral procedure.
9. Application of Enamels.-After the iron had been pickled ac-
cording to the ordinary method with a five-per-cent solution of hot
sulphuric acid the ground coat was applied, either by dipping or by
spraying. After a number of different ground coats had been tried
and no effect found on the acid resistance of the cover enamel, it was
decided to standardize on one ground coat, and, therefore, most of the
enamels were applied over the same ground coat.
The cover enamel was applied both by spraying and by dipping,
the former being the more common method, as it was desired to de-
velop an enamel to be applied in this manner. Many difficulties of
application were encountered, which will be described in the discus-
sion of the results of the tests.
10. Burning of Enamels.-The burning of the enamel was very
carefully controlled. An automatically controlled electric resistance
furnace was used for this purpose (see Fig. 7). The muffle of this
furnace was 10 in. high, 12 in. wide, and 24 in. deep. A chromel-
alumel thermocouple was used to measure the temperature, without
a protection tube, so that it was very sensitive to temperature change.
The time was noted by means of a seconds clock, and the time and
temperature required were determined by the appearance of the
enamel.
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FIc. 7. BURNING FURNACE
All samples were burned on 2 in. by 4 in. pieces of 20-gage
Armco iron. The satisfactory enamels were tried out in the plant on
larger pieces and table tops. This latter burning was, of course, done
in commercial sized furnaces.
11. Tests.-Two tests were used in determining the resistance to
acid of the enamels investigated. The test to which the most impor-
tance was attached was the spot test on the finished enamel ware.
The other test was the loss in weight of the grain when subjected to
constant* boiling hydrochloric acid for three hours.
(a) Spot Test
In this test a seven per cent solution of citric acid was used, and
this acid solution was placed on the clean finished enamel and left for
fifteen minutes. The acid solution was then washed off and the piece
examined. An enamel showing a decided attack was designated as
"soluble," one showing a slight discoloration was designated as
"slightly soluble," and if there was no visible evidence of attack the
enamel was considered "acid resisting." In general an enamel was
found to be attacked in less than fifteen minutes if the attack was
going to take place at all. This was found to be a very reliable test,
*A solution of about twenty per cent hydrochloric acid boils without changing concentration.
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FIG. 8. TIME-TEMPERATURE CURVE FOR CONE FUSIONS
especially as it was a simulated service test for the type of enamel
being investigated.
(b) Grain Solubility Test
This test consisted in weighing out five grams of 20- to 30-mesh
frit which had been previously washed with alcohol to remove any
adhering dust. This grain was introduced into a one-hundred-cubic-
centimeter Erlenmeyer flask, and fifty cubic centimeters of hot
twenty-per-cent hydrochloric acid was added. This was kept at 100
deg. C. for three hours and then immediately filtered through a
previously weighed Gooch filter. The loss in weight divided by the
original weight multiplied by 100 gives the per cent soluble.
This test gave fairly good results but it is subject to several very
serious faults. One fault is that the weight is not proportional to the
surface exposed. Variations in the shape of the grains, the density of
the frit, and the disintegration of the frit during the test all have
important effects on the surface exposed. Since the acid attacks only
the surface exposed, the rate of attack may be varied by a change
in the grain size. Since there is no convenient way of determining the
surface or the completion of the solubility, this test is only fairly
reliable and is not recommended except as a guide in determining
relative solubilities, as it is used here. It is useful for tests where the
frits tested are not essentially different in composition. In spite of
the disadvantages of this test the results compare favorably with
those of the spot test.
For the grain solubility tests a copper water bath was used, the
water of the bath being kept boiling, thus insuring a temperature of
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FIG. 9. RESULTS OF SPOT TEST - Na 2O - BA0 - SiO, SYSTEM
100 deg. C. for the tests. The water was heated with steam coils in
the bottom of the tank.
(c) Fusion Test
Cone fusion tests were made on all simple enamel glaze composi-
tions, and many of the later enamels. Standard sized cones were
made with a 10-per-cent dextrin solution, dried and burned in a
specially constructed furnace muffle. This muffle was so constructed
that it could be placed in the regular electric resistance furnace
used for burning enamels. The front of the muffle has a slit in it
about one inch in width for observation purposes, this slit being in line
with the peep hole in the door of the furnace. Since some of the cones
melt down before the temperature reaches a red heat a small coil of
chromel wire was placed on the inside of the muffle near the front.
By passing a current of ten amperes through this coil it was heated to
incandescence, thus lighting the interior of the muffle. The temper-
ature of the muffle was measured by means of a bare chromel-alumel
thermocouple. Before making any tests the interior of the furnace
was explored at different temperatures with standard cones and was
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found to be uniform within the possibilities of accurately reading the
cones. In every case the tests were duplicated and any irregular re-
sults rechecked. In all cases the amount of dextrin used was reduced
to the point where bloating was eliminated. The rate of heating is
indicated by the curve shown in Fig. 8.
12. Simple Boric Oxide and Lead Oxide Enamels.-The points on
the diagrams in Figs. 1 and 2 represent the compositions made in
the boric oxide and the lead oxide fields, respectively.
(a) Na20 - B 20 3 - SiO 2 System
The compositions made in the Na 2O -B 203-SiO2 system were com-
pounded as follows: Enough of the sodium oxide was added as
sodium nitrate to give five per cent of sodium nitrate in the raw
batch. As much borax as the composition would permit was used to
furnish the remaining sodium oxide or boric oxide, and the remaining
sodium oxide or boric oxide was added as soda ash or boric acid, re-
spectively. The silica was all added as flint.
/00
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FIG. 11. RESULTS OF CONE FUSION TEST - NaO2 - B20 O- SiO2 SYSTEM
In all cases the materials were thoroughly mixed and smelted with
great care in order not to drive off appreciable amounts of the more
volatile oxides. Checks were made in all cases where there was any
question as to the validity of the results obtained and all operations
were carefully controlled.
The results obtained with these enamels are shown in Figs. 9, 10,
and 11 and Table 1. Figure 9 shows the results of the spot test,
Fig. 10 the results of the grain test, and Fig. 11 the results of the
fusion test.
In Fig. 9, all compositions above the line A-A' are soluble, all
compositions below the line A-A' and above the line B-B' are acid
resistant and those below the line B-B' are too refractory to be con-
sidered.
The results shown by the grain test check very well with those of
the spot test. In Fig. 10 is shown the percentage loss in weight of
the different enamel compositions. This loss shows the general trend
of the field and in cases of lower silica is equal to one-half the original
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TABLE 1
THE SIMPLE BORIC OXIDE ENAMELS
Enamel No.
B l..........
B 2..........
B 3..........
B 4..........
B 5..........
B 6..........
B 7..........
B 8..........
B 9..........
B 10.........
B 11........
B 12.........
B 13.........
B 14.........
B15.........
B 16.........
B 17.........
B 18.........
B 19.........
B20.........
B21.........
B22.........
B23.........
B24.........
*Quality rated as = xcelrentL
2 = Good
I = Fair
I = Poor
Quality*
Si02
60.0
55.0
60.0
70.0
60.0
55.0
70.0
65.0
60.0
55.0
75.8
65.0
73.5
66.5
66.0
56.0
65.6
62.5
60.0
62.5
50.0
60.0
70.0
75.0
Opacity
4
3
3
3
4
2
3
3
3
2
2
2
1
2
2
4
3
3
2
2
3
4
1
1
fFaults rated as B = Blisters
T= Tearing
TS = Slight tearing
TB = Tearing and blisters
Faultst
TB
TB
T
T
TT
TS
T
T
T
T
B
T
T
T
T
T
T
BT
TS
TS
weight of the sample. In some cases it appears as though all of the
sodium and boric oxide had been dissolved out of the glaze. Under
the microscope using thirty magnifications the grains appear to be not
only surface attacked but very badly shattered. In cases where there
is appreciable attack the acid solution takes on a yellow color the
intensity of which is apparently proportional to the amount of attack.
The yellow color appears almost as soon as the acid is put on the frit
grains, which shows that attack is very prompt.
The best enamel frits of the NaO2 - B20a - SiO2 system are
Nos. 7, 8, 12, 13, 14, 15, 17, 18, 20, 23, and 24.
Figure 11 shows the cone fusion temperatures, in deg. F., of the
compositions represented in this field. The upper figures represent
the temperatures when the cones start to deform and the lower figures
represent the temperatures when the cones are down. The general
trend of the refractoriness is about what would be expected, increas-
ing with an increase in silica content.
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(b) NasO - PbO - SiO2 System
The points represented on the Na 2O - PbO - SiO 2 diagram
(Fig. 2) were made by adding enough of the sodium oxide as sodium
nitrate to furnish five per cent of sodium nitrate in the raw batch.
The rest of the soda was added as soda ash and the lead oxide was
added as red lead. The silica was added as flint. Care was taken in
all cases to smelt these compositions thoroughly, but not to drive off
the more volatile oxides. Checks were made wherever there was any
chance for error. The results for these enamels are shown in Figs. 12,
13, and 14 (Table 2). Figure 12 shows the acid resistance to the spot
test, and Fig. 13 the percentage soluble in the grain test. Figure 14
shows the fusibility by cone test.
From these diagrams the following conclusions may be drawn.
All compositions above A-A' are very soluble, all compositions below
A-A' and above B-B' are slightly soluble, all compositions below
B-B' and above C-C' are acid resisting and all compositions below
C-C' are too refractory to be considered. In both diagrams (Figs. 12
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and 13) it is evident that there is an area of compositions which is
decidedly acid resistant. This area includes compositions Nos. 1, 2,
3, 4, 5, and 8. Compositions Nos. 5 and 1 lie in a line through the
center of the most promising field, thus making them a good starting
point for the development of a good acid resisting enamel.
The fusibilities of these enamel glazes are shown in the diagram
(Fig. 14) in which cone fusion tests are represented. The upper figure
represents the temperature at which the cone started to deform and
the lower figure the temperature at which the cone was completely
down. The general trend of the field is about as would be expected,
the refractoriness increasing with the silica, the amount depending
upon the general composition.
13. Results for Simple Enamels.-The results obtained for the
simple enamels may be summarized as follows:
(1) Simple enamels can be made and applied satisfactorily to iron
over a cobalt ground coat.
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(2) Simple enamels of the Na 2O - B20O - SiO 2 and the Na20 -
PbO - Si02 systems can be made, and certain compositions are acid
resisting.
(3) In the boric oxide system the Na20 may vary from 10 to 23
per cent, and acid resisting enamels be obtained.
(4) In the lead oxide system the Na2 O may vary from 10 to 30 per
cent, and acid resisting enamels be obtained.
(5) In the boric oxide system the silica cannot be less than 61 per
cent if the acid resistance is to be retained.
(6) In the lead oxide system the silica cannot be less than 55 per
cent if the acid resistance is to be retained.
(7) The boric oxide may vary from 5 to 25 per cent and the lead
oxide from 6 to 30 per cent in acid resistant enamels.
(8) An increase in the silica content results in an increase in acid
resistance, the amount depending somewhat on the composition of the
enamel.
(9) In general the effect of any particular oxide on the acid resist-
ance of these simple enamels depends upon the composition of the
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TABLE 2
THE SIMPLE LEAD OXIDE ENAMELS
rou
30.0
16.0
5.0
15.0
22.0
24.0
32.0
10.0
22.0
32.5
40.0
40.0
43.0
20.0
30.0
40.0
20.0
30.0
60.0
68.0
74.0
60.0
59.0
69.0
50.0
60.0
54.0
42.5
40.0
50.0
43.0
50.0
40.0
30.0
40.0
30.0
Temp.
deg.
F.
1600
1650
1650
1600
1550
1600
1350
1450
1400
1350
1350
1400
1400
Tine
min.
3
3
3
3
5
4
5
3
4
4
3
4
3
Quality*
Acid
Resist. Gloss
1
1
1
1
1
.2
1
2
3
4
4
4
2
3
4
4
4
2
4
4
4
4
.4
4
4
4
4
Opacity
2
3
3
3
3
2
2
2
3
1
2
I = Excellent tFaults rated as T = Tearing
2 = Good B = Blisters
3 = Fair NG = No good, or too hard
4 = Poor S = Soluble slip
enamel itself. This statement is probably true of all enamels and
oxides, and, if so, it explains why different investigators do not agree
on the effect of certain oxides on the acid resistance of enamels.
(10) The fusion temperature of these simple enamels decreases with
a decrease in the silica content.
(11) Lead oxide decreases the fusion temperature more than
sodium oxide, weight for weight.
(12) Boric oxide decreases the fusion temperature more than
sodium oxide, weight for weight.
(13) Lower fusion temperatures can be obtained in the simple lead
enamels than in the simple boric oxide enamels.
(14) The spot test and the grain test agree very well as to the acid
resistance of these simple enamels.
(15) It was found that the boric oxide enamels were much more
difficult to work than the lead oxide enamels. The boric oxide en-
amels tend to tear and the lead oxide enamels tend to bubble or
blister.
14. Effect of Alumina on Acid Resistance of Simple Enamels.-
Since practically all enamels contain alumina added as feldspar, clay,
or cryolite, it was decided that alumina should be added to the simple
enamels.
Iaz2'
10.0
16.0
21.0
25.0
19.0
7.0
18.0
30.0
24.0
25.0
20.0
10.0
14.0
30.0
30.0
30.0
40.0
40.0
Enamel No.
P 1..........
P2..........
P3 ..........
P4 ..........
P 5 ..........
P 6 ..........
P 7..........
P8..........
P 9 ..........
P 10.........
P ll.........
P 12.........
P 13.........
P 14.........
P 15.........
P 16.........
P 17.........
P 18.........
Faultst
T
B
B
B
B
NG
B
B
B
B
B
S
B
NG
NG
NG
*Quality rated as
S NG
.. NG
T~ "'T~ "'T~ I
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TABLE 3
EFFECT OF ALUMINA ON ACID RESISTANCE OF THE SIMPLE ENAMELS
Enamel
No.
AB5........
AB6........
AB9........
AB15.......
AB15A.....
AB15B.....
AB16.......
AB19.......
AB21.......
AP5........
AP7........
AP12.......
2A .........
4A .........
Na20
18.4
18.4
13.8
15.4
18.0
18.5
23.0
20.5
23.0
15.4
14.3
10.0
18.0
18.0
Bs03
18.4
23.0
23.0
11.6
14.0
13.9
18.5
16.5
23.0
PbO
18.6
16.7
35.0
22.0
22.0
Si02
55.2
50.6
55.2
65.0
60.0
60.2
50.5
55.0
46.0
58.0
61.0
50.0
55.0
50.0
A1ls0
8.0
8.0
8.0
8.0
8.0
7.4
8.0
8.0
8.0
8.0
8.0
5.0
5.0
10.0
Temp.
deg.
F.
1600
1550
1600
1600
1600
1650
1550
1600
1550
1550
1550
1550
1550
Time
min.
5
3
3
3
3
3
3
3
3
3
3
3
3
Quality*
Acid
Resist.
1
1
1
1
1
2
2
2
2
1
3
1
1
Gloss
2
2
2
3
1
2
3
2
4
1
".3
3
2
3
Opac-
ity
4
2
2
3
1
2
4
2
4
1
3
1
1
Faultst
T
T
T
T
T
S
NG
NG
*Quality rated as 1 = Excellent tFaults rated as T = Tearing
2 = Good NG = No good
3 = Fair S = Soluble slip
4 = Poor
In order to avoid unnecessarily complicating the composition, the
alumina was added as feldspar, the potash of the feldspar being con-
sidered equivalent to soda, and in so far as necessary being substi-
tuted for soda. Eight per cent of alumina was thus added to the more
successful of the simple enamels. The compositions of and the re-
sults for these enamels are shown in Table 3.
The results show that alumina increases the resistance to acid to
only a slight extent, adding greatly, however, to the refractoriness of
the enamel. Alumina is therefore not a particularly desirable constit-
uent for enamels required to be acid resisting, as the increased refrac-
toriness due to its presence limits the amount of silica which can be
added. Alumina is a desirable constituent in enamels for developing
properties other than acid resistance; the alumina content, therefore,
must be governed by these other desired properties.
15. Effect of Fluxes and Opacifiers on Acid Resistance of Simple
Enamels.-Although the simple compositions show surprisingly good
results as enamels they are not .entirely satisfactory, as they lack
opacity and are difficult to work. As already stated, the boric oxide
enamels tend to tear and the lead oxide enamels to blister. For
these reasons it was necessary to modify these simple enamels by the
addition of other fluxes and opacifiers to the frit batch.
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(a) Fluxes
There being little reliable data available on the effects of the fluxes
on the acid resisting qualities of these simple compositions a series of
preliminary tests was run. For these tests two compositions B15 and
B16 were selected from the simple boric oxide field and three compo-
sitions P5, P1, and P2 from the lead oxide field. These compositions
represent the most promising enamels of the simple fields, and are
therefore the most logical ones upon which to base future work. To
each of these enamels were added varying amounts of alumina, fluor-
spar, zinc oxide, and barium oxide; also boric oxide was added to the
lead oxide enamels, and to the boric oxide enamels lead oxide. The
compositions of these enamels and the results of the tests on them are
shown in Table 4.
These results show that the acid resistance of the simple enamels is
in general reduced by the addition of fluxes such as fluorspar, zinc
oxide, barium oxide, lead oxide, and boric oxide, fluorspar apparently
having the greatest effect. In all cases the working properties of the
enamels were improved by the addition of these fluxes. Further work
was later done on this phase of the problem, as described below.
(b) Opacifiers
The enamels thus far studied have depended entirely on the eight
per cent tin oxide added in the mill batch to furnish opacity. This is,
however, not desirable, the best quality enamels containing opaci-
fiers added in the frit batch also, thus producing an opaque frit instead
of a clear glass. It is important to know what effect these opacifiers
have on the acid resistance of the enamels; therefore, a few preliminary
tests were run in order to answer this question. Tin oxide, zirconium
oxide (Opax), and sodium antimonate were added to the smelt of some
of the simple and modified enamels. The compositions of these frits
and the results of the tests on these enamels are shown in Table 5.
These results show that the opacifiers generally improve the acid
resistance of the enamels, and in no case was the acid resistance de-
creased by the addition of the opacifier. The opacifiers make the
enamels more refractory, however, and only limited amounts can be
used.
16. Effect of Fluxes and Alumina on Acid Resistance of Simple
Enamels.-Since the preliminary tests on the effect of fluxes on the
simple enamels showed that all tend to decrease the acid resistance, a
more extended study of the use of these fluxes and their relative values
was made. In the compounding of acid resisting enamels it is neces-
sary to know the effects of the different oxides in different amounts
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and combinations; therefore, the following systematic series were
investigated.
The most promising simple enamels were modified according to a
definite plan, the results being shown in Fig. 15. There are five
series of enamels, the even numbered series being based on the lead
oxide simple enamel P5, and the odd numbered series being based on
the boric oxide simple enamel B15. The base compositions of these
enamels are as follows:
Series.............. 1 2 3 4 5
SiO2............... 60.0 55.0 65.0 50.0 60.0
NaO .............. 20.0 18.0 17.5 18.0 17.5
B 203 ............... 15 .0 .... 12.5 .... 12.5
PbO .............. .... . 22.0 .... 22.0
Variable ............ 5.0 5.0 5.0 10.0 10.0
In these series the following modifications of the simple enamels
were made:
Series No. 1-5 per cent of variable replaces 5 per cent of silica in
simple enamel B15.
Series No. 2-5 per cent of variable replaces 5 per cent of silica
in simple enamel P5.
Series No. 3-5 per cent of variable replaces 5 per cent of fluxes in
simple enamel B15.
Series No. 4-10 per cent of variable replaces 10 per cent of silica
in simple enamel P5.
Series No. 5-10 per cent of variable replaces 5 per cent of silica
and 5 per cent of fluxes in simple enamel B15.
The regular mill additions were made to these enamels and they
were then burned, the results being shown in Fig. 15. The compo-
sitions and results are also shown in Table 6.
17. Results of Addition of Fluxes, Alumina, and Opacifiers to
Simple Enamels.-These results may be summarized and conclusions
drawn as follows:
(1) Fluxes in general decrease the acid resistance of the simple
enamels.
(2) The extent to which these fluxes reduce the acid resistance
depends both upon the particular oxide used and upon the composi-
tion of the enamel to which the flux is added.
(3) Alumina does not, in general, decrease the acid resistance but
it does make the enamel more refractory.
(4) Although the addition of lead oxide to the boric oxide simple
enamel and of boric oxide to the lead oxide simple enamel does reduce
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the acid resistance, the effect is not great, and the fusibility is greatly
increased.
(5) Fluorspar is very detrimental to the acid resistance of most
enamels, but added in amounts under 2.5 per cent it may not seriously
injure the acid resistance, and it does aid greatly in the fusibility and
opacity.
(6) The general effect of the oxides in this series is as follows: alu-
mina affects acid resistance least, then come lead oxide, boric oxide,
and zinc oxide with about equal effect, followed by fluorspar, which is
most detrimental.
(7) The enamels of series 1-5, burned so as to give the best acid
resistant properties, have the following acid resistance:
ACID RESISTANCE*
Series No........ 1 2 3 4 5
Add.Z.......... 2 1 1 3 2
P.......... 2 1 1 3 1
C.......... 2 1 2 3 3
A.......... 2 1 1 3 1
PZ......... 2 1 1 3 2
CZ........ 2 1 1 3 3
PC........ 2 1 1 3 3
PA........ 2 1 1 3 1
CA........ 2 1 1 3 3
PCZ....... 2 1 1 3 3
PCA....... 2 1 1 3 1
PZA....... 2 1 1 3 1
CZA....... 2 1 1 3 2
(8) Table 6 shows that proper burning is very essential in pro-
ducing successful acid resisting enamels. It shows that more depends
upon the simple enamel composition than on the added oxide (Note
the similarity of the results when the basic composition is kept con-
stant and the added oxide varied and also the variation in the results
when the added oxide is held constant and the basic composition is
changed).
(9) From Fig. 15 it is evident that an increase in the burning
temperature increases the acid resistance in many enamels. This
is not always true, however, as some of the enamels are just as acid
resisting when burned at a low temperature as when burned at a high
one.
(10) It has been repeatedly shown that some enamels are sensitive
as to time of burning. It is in general true that an enamel will have
greater acid resistance when burned for a long period than when
burned for a short one. This statement is not always true, as the acid
resistance of some enamels is not greatly affected by time of burning.
*Key same as Table 6.
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(11) Even with the additions made in these series the high boric
oxide enamels tend to tear and the high lead enamels to blister.
18. Acid Resisting Enamels.-Based on the results obtained thus
far in this investigation enamels were compounded with the object of
making good acid resisting enamels of low fusibility. In this work the
following considerations guided the development of these compo-
sitions:
(1) The silica should be kept as high as refractoriness will permit;
silica need not be over 50 per cent and may be as low as 43 per cent.
(2) The alumina should be kept below 5 per cent; the minimum
percentage of alumina seems to be governed by properties other than
acid resistance.
s"s -~s
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(3) The sum of the boric oxide and the lead oxide content should
be between 20 and 25 per cent.
(4) Not more than 2 per cent of fluorspar should be used, and it
should be kept at a minimum.
(5) Antimony oxide should be used as the opacifier in the smelt.
(6) The use of fluorine compounds should be avoided.
(7) Only small amounts, 1 to 3 per cent, of calcium oxide, mag-
nesium oxide, and barium oxide should be used.
(8) From 4 to 8 per cent of zinc oxide should be used.
(9) The clay content should be kept low in the mill batch.
19. Effect of Variations in Composition and Treatment of Acid Re-
sisting Enamels.-Having made acid resisting enamels, a further
study was conducted on the effects of the variation of different con-
stituent oxides on these enamels. A study was also made of the effect
of smelting, grinding, mill additions, and burning. Taking the com-
position of the enamel found to be entirely satisfactory both in the
laboratory and in the plant the following modifications were made in
the composition:
Antimony oxide was substituted for silica over a range of six per
cent.
Lead oxide was substituted for silica over a range of six per cent.
Alumina was substituted for silica over a range of six per cent.
Fluorspar was substituted for lead oxide over a range of three per
cent.
Cryolite was introduced into the composition up to four per cent.
Sodium oxide was substituted for boric oxide over a range of six
per cent.
Barium oxide was substituted for lead oxide over a range of six per
cent.
Titanium oxide was substituted for silica over a range of eight per
cent.
Zirconium oxide was substituted for silica over a range of eight
per cent.
The results of the investigation (see Table 7) on good acid resist-
ing enamels show that the opacity is little affected by small variations
in the composition. The substitution of antimony oxide for silica im-
proves the opacity and the additions of fluorspar and cryolite also
improve the opacity. Zirconium oxide added to the raw batch and
smelted did not improve the opacity. It, however, is very satis-
factory as a mill addition.
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TABLE 7 (concluded)
VARIATIONS OF COMPOSITION OF ACID-RESISTING ENAMELS
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The gloss of the enamel is improved by the replacement of anti-
mony oxide by silica, lead oxide by boric oxide, silica by alumina, lead
oxide by fluorspar, sodium oxide by boric oxide, barium oxide by lead
oxide, and by the addition of cryolite.
The acid resistance was unaffected except by the addition of cryo-
lite and the substitution of fluorspar for lead oxide, and the substi-
tution of zirconium oxide for silica. From these results it is therefore
evident that a good acid resisting enamel is little affected by small
Qu/ifo Symtio/s :-
/ - Ece//ei,
4- Poor
A.•R is Acid RPes/is/ce
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changes in the composition, the acid resistance depending primarily
on the general composition, with the few exceptions mentioned.
In relation to the mill additions it was found that the opacifiers
(tin oxide and zirconium oxide) do not reduce the acid resistance when
added in the usual amounts; that clay in the mill addition does tend
to reduce the acid resistance, and should in all cases be kept at a min-
imum; and that variations in the type of the clay did not appear to
have any effect on the acid resistance.
It was also found that fineness of grinding did not have any effect
on the acid resistance of the cover enamels for sheet steel studied in
this investigation; that variations in the smelting time and temper-
ature had little or no effect on the acid resistance provided that the
enamel was properly smelted; and that the acid resistance of some
enamels was considerably affected by variations in the burning time
and temperature, while in other cases little, if any, such effect was
produced.
IV. SUMMARY OF RESULTS AND CONCLUSIONS
20. Results and General Conclusions.-The results of the investi-
gation may be summarized and conclusions drawn as follows:
(1) Simple acid resisting enamels can be made from either the
NaO2 - B 2 0 3 - SiO 2 series or the Na 2O - PbO - Si0 2 series.
(2) Silica increases the acid resistance of enamels.
(3) Increase of burning temperature increases the acid resist-
ance of most enamels, although some enamels are acid resisting
over their entire burning range.
(4) Increase in burning time increases the acid resistance of
some enamels.
(5) Smelting temperature and time have little to do with acid
resistance, provided that the enamel is thoroughly and properly
smelted.
(6) Fineness of grinding does not affect the acid resistance.
(7) Clay added to the mill not always, but often, reduces the
acid resistance.
(8) Opacifiers do not decrease the acid resistance when added
to the mill. They often increase the acid resistance when added
to the smelt.
(9) Titanium oxide improves the acid resistance and does not
increase the refractoriness as much as does silica.
44 ILLINOIS ENGINEERING EXPERIMENT STATION
(10) All fluxes have a tendency to decrease the acid resistance.
Fluxes properly proportioned will, however, give acid resisting
enamels, even though present in large amounts.
(11) Fluorspar is particularly detrimental to the acid resistance,
but in certain combinations of other fluxes it may be added in
small amounts without injuring the acid resistance.
(12) Lead oxide is a desirable constituent in acid resisting en-
amels, not because it improves acid resistance, but because it adds
fusibility, and does not injure acid resistance as much as many
other fluxes.
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